Abstract-The efficient design of broadband turnstile junctions compensated with piled-up cylindrical metallic posts is discussed in this contribution. Very high relative bandwidths can be obtained, while maintaining the diameter of the input circular access port lower than the width of the rectangular waveguide ports, thus reducing the number of excited higher order circular waveguide modes. A novel full-wave analysis tool has also been implemented in order to reduce the CPU effort related to the complete design process.
INTRODUCTION
A turnstile junction is a five-port device widely used in high-capacity telecommunication systems. This microwave and millimeter-wave component aims at separating the two orthogonal polarizations (horizontal and vertical) associated to the fundamental mode TE of the input circular waveguide port of the device, as depicted in Fig. 1 . This microwave network is a dominant component in current orthomode transducers (OMTs) which are present in a great variety of practical applications, such as dual-polarized antenna feed systems, remote-sensing radiometers and radio astronomy receivers [1] [2] [3] [4] . Consequently, recent years have witnessed active research efforts focused on increasing the operation bandwidth of turnstile junctions. To reach this goal, several solutions have been proposed in the technical literature in the past few years, thus giving rise to the so-called compensated turnstile junctions. Different compensation techniques have also been applied recently to the optimization of other multiport waveguide junctions, such as crossed waveguide junctions, T-junctions, right-angled bends and magic tees [5, 6] .
With regard to the compensation of turnstile junctions, an OMT was designed in [1] by compensating the turnstile junction using a double-cylindrical post, and the electrical performance of the turnsile junction presented in [2] was optimized by adding a square prism located at the base of the structure. More recently, a metallic pyramid tuning stub was used in [3] , and a single cylindrical metallic post was proposed in [7] as a compensating element. Although the turnstile junctions designed in the contributions [1] [2] [3] can achieve a high relative bandwidth, it is important to note that the diameter D of the input circular waveguide port used in these structures is greater than the width a of the output rectangular access ports. For example, we have that D = 1.1933 · a in [1] ; D = 1.084 · a in [2] ; and a diameter D = 1.1374 · a in [3] . The use of a circular waveguide whose diameter satisfies D > a has the following drawbacks:
• As the diameter D of the circular waveguide becomes greater, the cutoff frequency of higher order modes decreases. Therefore, although their excitation can be avoided as long as the symmetry of the turnstile junction is kept, the fabrication process can introduce undesired mechanical defects which can lead to the excitation of such other modes, thus affecting to the electrical performance of the device.
• The structure cannot be analyzed using standard modal methods, so it is necessary to resort to numerical techniques in order to rigorously characterize the device. As a consequence, the computational cost of the design process is dramatically increased.
In that respect, it is important to point up that the turnstile junctions presented in [1] [2] [3] have been analyzed and designed using commercial tools based on finite-element or finite-integration methods. Consequently, we might expect a huge CPU effort in order to optimize the electrical performance of the device, since the tuning stub used in the previous contributions has, at least, two optimizable dimensions (four in the case of [1] ). Moreover, apart from the fundamental mode TE 11 of the circular waveguide, other two higher order modes (i.e., TM 01 and TE 21 ) can be excited in the frequency range of the operation band of the turnstile junctions designed in [1] [2] [3] . Therefore, the fabrication process must be accurate enough in order to preserve the symmetry of the component, thus avoiding the potential excitation of these higher order circular waveguide modes.
In this work, we present a novel Computer-Aided Design (CAD) tool for the rigorous modal analysis and design of compensated turnstile junctions. The implemented modal technique, which is based on the 3-D Boundary Integral-Resonant Mode Expansion method [8] , is very efficient from a computational point of view, thus minimizing the CPU effort related to the design process with respect to previous contributions. In addition to this, the diameter D of the circular waveguide of the designed turnstile junctions satisfies D ≤ a with the aim of reducing the number of excited higher order modes. Therefore, the main goal of this contribution is to demonstrate that it is possible to design broadband turnstile junctions with a very high relative bandwidth (up to 42.3%), while maintaining D ≤ a in order to increase the cutoff frequency of higher order modes.
The tuning stub used to compensate the structure consists of five piled-up cylindrical metallic posts (see Fig. 2 ) placed on the base of the junction in a centered position in order to preserve the symmetry of the component. It is important to notice that the post situated at the top of the tuning stub is introduced into the region of the circular waveguide for the purpose of improving the electrical response of the device, while adding a new degree of freedom to the design process. 
FULL-WAVE ANALYSIS OF COMPENSATED TURNSTILE JUNCTIONS
The full-wave analysis of the compensated turnstile junction represented in Fig. 2 is divided into two main stages. First of all, an integral equation (IE) technique [9] is used to obtain a generalized impedance matrix (GIM) representation of the planar junction between the circular waveguide and the coaxial waveguide that we find in the turnstile junction (see Fig. 2 ). The GIM of the planar junction can be written in the form:
where (ξ), (γ) = (1), (2) represent the two waveguide ports involved in the planar junction; S (2) is the cross section of the coaxial waveguide; h n (x, y) are unknown vector functions that can be expanded in terms of the magnetic-type vector modal functions of the waveguide port (γ) [9] . Moreover, an alternative formulation based on the method of moments has been followed in order to obtain the modal chart of the circular and coaxial waveguides [10] .
In order to validate the software tool related to this stage, we analyze a planar junction between a circular waveguide (D = 13.98 mm) and a coaxial waveguide whose external diameter is equal to D and the inner diameter is 3.0 mm. The magnitude of the reflection coefficient is presented in Fig. 3 and the obtained results are successfully compared with data provided by a commercial finiteelement method (FEM) tool † . In this case, the excitation mode is the fundamental mode TE 11 of the circular waveguide and the response mode is the TE 11 mode of the coaxial waveguide.
Afterwards, the 3-D Boundary Integral-Resonant Mode Expansion technique (BI-RME) [8] is employed to derive the generalized admittance matrix (GAM) of the rest of the structure, that is, a component with four rectangular waveguide ports and a coaxial access port (see Fig. 2 ). To this end, the authors have properly extended the theoretical work developed in [11] , thus allowing to consider an increased number of access ports. The expression of the obtained GAM is:
where k is the wavenumber, η represents the wave impedance, and the expressions of the matrices Y A , Y B and Y C can be found in [8] .
Matrices Y A and Y B are frequency-independent, whereas the matrix Y C is frequency-dependent. Moreover, in order to compute the elements of the matrices Y A and Y B , the following set of matrices related to the waveguide access ports has to be calculated:
In the previous expressions, g m (r, r ) and G F 0 (r, r ) are the quasi-static magnetic-type Green's functions related to a rectangular resonator whose dimensions are a × b × a; h n (r) is the n-th magnetic-type vector modal function of a waveguide port (in our case, circular or rectangular waveguide ports); N l (r) is the l-th base function used to describe the electric current over the tuning stub; and H l (r) is the l-th magnetictype resonant mode of the rectangular resonator a × b × a. After computing the elements of the previous matrices, the GAM of the structure can be readily obtained using expression (2) .
Finally, the obtained GIM and GAM are conveniently connected in order to yield a full-wave representation of the whole component. The efficiency of the methods implemented makes this software tool very suitable to optimize the electromagnetic response of the components designed. 
DESIGN OF BROADBAND COMPENSATED TURNSTILE JUNCTIONS
Firstly, we focus our attention on the validation of the developed CAD tool. To this aim, we start from a design presented in a previous authors' work with the objective of improving the relative bandwidth of the compensated turnstile junction. In the design presented in [7] , the rectangular waveguide ports are WR-62 standard waveguides (a = 15.8 mm, b = 7.9 mm), the diameter of the circular waveguide is D = 13.98 mm (note that D < a) and the relative bandwidth below −20 dB is about 16.5%. We can optimize the electrical performance of the turnstile junction by introducing a compensating tuning stub composed of five piled-up cylindrical posts, as represented in Fig. 2 . The optimal radii and heights of the piled-up cylindrical posts can be found in Table 1 , where it is assumed that the posts are ordered from bottom to top. The magnitude of the reflection coefficient (the excitation mode is the fundamental mode of the circular waveguide) of the new designed turnstile junction is shown in Fig. 4 (D = 13.98 mm) , and our results are successfully compared with data provided by the commercial finite-element method (FEM) tool. The relative bandwidth below −20 dB of this new design is about 26%.
In the same figure, the results presented in [7] have been included, and we have also added new results for the case with D = 14.7 mm (the dimensions of the tuning stub in this case are very similar to the ones described in Table 1 ). We observe that the new relative bandwidth in this last design is about 33.1%. Moreover, since D < a in both new designs, only one higher order mode of the circular waveguide (TM 01 ) can be excited in the operation frequency band of the device (i.e., above 15.61 GHz). Finally, it should be emphasized that the complete simulation of the component just took 1.9 seconds per frequency point on a PC with 4 GB of RAM. On the other hand, the commercial finite-element method-based tool consumed around 20 minutes of CPU time.
Next, we present a new design using the same rectangular waveguide ports as the ones described in [2] . In this case, a = 10.7 mm, b = 5.3 mm and D = a (note that a diameter D = 11.6 mm is used in [2] ). The dimensions of the piled-up posts used in this new design are presented in Table 2 .
The magnitude of the obtained reflection coefficient is represented in Fig. 5 , where an excellent agreement with the results provided by the finite-element method software is observed. The relative bandwidth below −20 dB obtained in this design is 42.3%, and this value is very close to the relative bandwidth achieved in the design presented in [2] , which is about 44.8%. The main advantage of this new design with respect to the one presented in [2] lies in the fact that we have reduced the radius of the circular waveguide port, thus avoiding the potential excitation of the second higher order mode TE 21 , whose cutoff frequency (27.24 GHz) is out of the frequency range of the operation band (18-26 GHz) of the OMT designed in [2] . On the contrary, the cutoff frequency of the second higher order mode TE 21 in the design presented in [2] is 25.13 GHz, and this value is, effectively, in the operation band of the designed OMT. Therefore, our new design reduces the number of higher order modes that can be potentially Table 1 excited due to undesired defects during the fabrication process, while maintaining a similar relative bandwidth. In addition to this, the implemented simulation tool is very efficient from a computational point of view, thus dramatically reducing the CPU effort devoted to the complete design process.
Finally, we present a compensated turnstile junction that, as the one described in [1] , is implemented in WR-10 rectangular waveguide (a = 2.54 mm, b = 1.27 mm). In this new design, the diameter of the circular waveguide is D = 2.52 mm, whereas the diameter used in [1] is greater than a (D = 3.031 mm). The dimensions of the compensating tuning stub are presented in Table 3 , and the reflection coefficient of the compensated turnstile junction is shown in Fig. 6 . As we can observe, the relative bandwidth below −20 dB is about 37.8%, which is equal to the one achieved in [1] , thus demonstrating that it is possible to optimize the electrical response of the device maintaining D < a. In this alternative design, the cutoff frequency of the TE 21 mode is increased up to 115.66 GHz, thus avoiding its potential excitation (the cutoff frequency of the TE 21 mode is 96.16 GHz in [1] ). 
CONCLUSION
In this contribution, an efficient full-wave CAD tool for the analysis and design of broadband turnstile junctions compensated with piledup cylindrical posts has been discussed. Three different designs with a high relative bandwidth similar to the obtained in recently published works have been presented. The diameter of the circular waveguides used in the different designs is not greater than the width of the rectangular waveguide ports, thus avoiding the potential excitation of higher order circular waveguide modes due to undesired mechanical defects that may occur during the fabrication process.
